Microspheres are potential candidates for the protein drug delivery. In this work, we prepared polymer-coated starch/bovine serum albumin (BSA) microspheres using coaxial electrohydrodynamic atomization (CEHDA). First, starch solution in dimethyl sulphoxide (DMSO) was prepared and then an aqueous solution of BSA was added to it to make a starch-BSA solution. Subsequently, this solution was made to flow through the inner capillary, while the polymer, polydimethylsiloxane (PDMS), flowed through the outer capillary. On collection, filtration and subsequent drying, nearmonodisperse microspheres of 5-6 mm in size were obtained. The microspheres were characterized by Fourier-transform infrared (FT-IR) spectroscopy and scanning electron microscopy. Cumulative BSA release was investigated by UV spectroscopy. BSA structure and activity was preserved in the microspheres and its release in 0.01 M phosphate buffered saline (PBS) was studied over a period of 8 days. There was an initial burst with 32 wt% of total BSA released in 2 h. Overall 75 wt% of BSA was released over a 7 day period.
INTRODUCTION
Microparticulate controlled release systems prepared from degradable polymers have been widely investigated for the delivery of drugs over the past two decades (Jeffery et al. 1993; Yan et al. 1994; Chen et al. 1997) . The emphasize now is to exploit these systems for peptide (Ruiz et al. 1989) or protein (Boury et al. 1997; Crotts & Park 1997; Slager & Domb 2002) delivery. The oral and localized delivery of peptides and proteins is a major challenge. The two major barriers in oral delivery are enzymatic degradation and permeation across the gastrointestinal epithelial (Ameye et al. 2000) . The delivery of protein drugs in a controlled manner can be utilized in many applications, including hormone treatment, immuno-and tumourtreatment, cardiovascular and thromobolytic treatment, and immunization (Lee 1995) .
Among the different encapsulation techniques, the multiple emulsion method is the most used so far with poly(lactic-glycolic) acid (PLGA) the most studied polymer for controlled release (Ogawa et al. 1988) . In this method, initially a primary water-in-oil (w/o) emulsion is prepared to permit the dispersion of the protein in the wall material containing organic phase.
A second step requires the formation of a (water-in-oil)-in-water (w/o/w) emulsion in an aqueous phase containing a surface-active agent. Finally, the organic solvent is extracted, leading to the formation of solid microspheres. The exposure of a protein to various factors unfavourable for stability such as organic solvents and polymer degradation may promote deactivation during this process. For example, the microencapsulation of the enzyme, carbonic anhydrase, within PLGA microspheres causes severe non-covalent aggregation upon exposure to the water/oil interface (Sah 1999; de Weert et al. 2000; Li et al. 2000) , while the encapsulated enzyme was severely hydrolysed within fast degrading PLGA due to an acidic microenvironment generated from polymer degradation (Crotts & Park 1997) .
Starch is a naturally occurring biopolymer. Native starch consists of two polymers of glucose, i.e. linear amylase and branched amylopectin (Young 1984) . Starch microspheres are suitable carriers for protein delivery systems due to their biocompatibility and biodegradability and they get easily metabolized and eliminated from the body. The starch matrix also helps to preserve the protein activity (Sievert & Pomeranz 1989) . Modified starch has been intensively used for pharmaceutical applications (Wierik et al. 1996; Lenaerts et al. 1998; Chebli & Pohja et al. 2004) . Starch microspheres have been also frequently used as a formulation material for nasal administration (Holmberg et al. 1994; Heritage et al. 1996) .
Electrohydrodynamic atomization (EHDA) is a process, which can generate near-monodisperse droplets whose size can be varied between a few to hundreds of micrometers (Ganan-Calvo et al. 1997; Jayasinghe et al. 2004) . A liquid is injected through a capillary tube and a potential difference of several kilovolts is applied between the capillary and the ground electrode. This causes the liquid meniscus at the capillary exit to develop a conical shape, commonly referred to as a Taylor cone, although there are many manifestations of it. A thin jet with a high charge density emanates from the cone apex and subsequently breaks down into tiny droplets, independent of the diameter of the capillary tube (Clopeau & Prunet-Foch 1994) . Its most well-known application has been in mass spectroscopy, where EHDA has been successfully exploited to produce multiply charged gas phase ions of large biomolecules in a liquid phase (Fenn et al. 1989) . Co-axial EHDA (CEHDA) is a variant of conventional EHDA. In this process, two concentric capillaries are used, and two different immiscible liquids can be pushed through these two capillaries (Loscertales et al. 2002) .
In this work, we demonstrate for the first time the capabilities of the CEHDA technique for the preparation of polymer-coated microspheres containing a protein, and the subsequent controlled release of the protein. Starch/bovine serum albumin (BSA) microspheres coated with polydimethylsiloxane (PDMS) were prepared using CEHDA for controlled release of BSA. In our previous work (Pareta et al. 2005) we have shown that the EHDA does not have any significant effects on the activity of BSA, which is used as a model protein to demonstrate our method. This process has several advantages; it is a simple, single-step preparation process of near-monodisperse microspheres of a few micrometers in size, without exposure of the protein to harmful organic solvents, like dichloromethane, which causes denaturation.
MATERIALS AND METHODS

Materials
Resistant starch (donated by National Starch, UK) was used for this investigation. Resistant starch is not easily hydrolysed by enzymes in the human gastrointestinal system and passes to the large bowel (Sievert & Pomeranz 1989) . BSA (lyophilized powder, SigmaAldrich, Poole, UK) was chosen as a model protein. One gram of starch was dissolved in 5 ml of dimethyl sulphoxide (DMSO; R99.0 purity, supplied by SigmaAldrich, Poole, UK) at 140 8C for 40 min under constant magnetic stirring in an oil bath. The starch solution was left to cool to room temperature. BSA solution was prepared separately by adding 0.1 g BSA in 5 ml of de-ionized water. One millilitre of BSA solution was added to 4 ml of starch solution at room temperature to prepare starch/BSA solution for CEHDA. PDMS (supplied by Univar Ltd., Greenwich, UK) with a molecular weight of 1000 was used to coat the microspheres.
Surface tension
Surface tensions of the starch-BSA solution and PDMS were measured using a Kruss tensiometer K9 (standard Wilhelmy's plate method). Also the interfacial surface tension between the starch-BSA solution and PDMS was measured using the Kruss tensiometer, the Wilhelmy's plate method was again used and the plate was lowered to the interface and measurements were taken according to the Kruss tensiometer instructions.
Co-axial electrohydrodynamic atomization
The experimental set-up used to perform CEHDA is shown in figure 1 . The inner and outer liquids were uniformly and continuously pushed by an infusion pump (Harvard Apparatus PHD 4400) through a 10 ml plastic syringe to stainless steel capillaries. The outer capillary had outer and inner diameters of 1.25 and 0.85 mm, respectively. The inner capillary had outer and inner diameters of 0.81 and 0.51 mm, respectively. Silicone tubing of appropriate size was used to connect the capillaries and the syringes. A LEICA S6D colour camera was used to observe the jet modes and capture images. A high voltage d.c. power supply (Glassman Europe) was connected with the capillaries as shown in figure 1 in order that an electric field can be applied between the capillaries and the grounded collection point.
Preparation of polymer-coated microspheres
The starch and BSA solution was pumped in the inner capillary at the flow rate of 7.5!10 K10 m 3 s K1 . PDMS was pumped in the outer capillary at 1!10 K10 m 3 s K1 . A potential difference of 5.5 kV was applied between the capillaries and the grounded collection container, which contained PDMS in acetone. These flow rates and voltage were chosen as they resulted in the stable cone-jet mode, which is well known to generate a narrow droplet size-distribution. However, a range of experiments was also performed at different combinations of voltages and flow rates to demonstrate that the microsphere size-distribution can be varied by changing these process control parameters. The microspheres were collected in acetone containing a small amount of PDMS (0.5 ml PDMS in 500 ml of acetone). The acetone was vigorously stirred by using a magnetic stirrer. The distance between the tip of the capillary and the collection beaker was 15 mm. The acetone solution containing microspheres was filtered under vacuum using a Whatman filter paper with a retention size of 3 mm (Sigma Aldrich, Poole, UK). The microspheres were washed with an excess of acetone to completely remove DMSO. After filtration, the particles were dried at ambient temperature for 48 h before performing BSA release studies.
Determination of droplet size distribution
Droplets formed by CEHDA were measured using a computer controlled Sympatec Helos (helium laser optical spectrometer) Model Vario KF sizing system (Sympatec Ltd, System-Partikel-Technik, Bury, UK). The laser system was incorporated in the CEHDA set-up with the same conditions for the preparation of the microspheres (figure 2). The 15 mm diameter laser beam was approximately 10 mm below the capillary exit as in the case of the EHDA experiments. The lens used for this measurement has a droplet detection capability in the size range 0.5-175 mm. The droplet size distribution is estimated by fitting the data obtained to the Fraunhofer scattering model. The average droplet size produced by CEHDA was obtained from time-resolved data by calculating the volumeweighted average over 10 s.
Determination of microsphere size and morphology
The morphology and size of the encapsulated microspheres were determined using a Jeol JSM-6300 scanning electron microscope operating in the secondary electron mode with an accelerating voltage of 10 kV and working distance of 15 mm. The microspheres were dried under vacuum, mounted on aluminum stubs and sputter coated with gold for 120 s prior to microscopy.
Determination of BSA content in the microspheres
The BSA content was determined as described by Woo et al. (2001) , with slight modification. Twenty milligram of microspheres were hydrolysed in a mixture of 0.9 ml of 1 M NaOH and 0.2 ml phosphate buffered saline (PBS) and centrifuged at 4000 r.p.m. for 30 min at room temperature. After hydrolysis, 0.9 ml of 1 M HCl was added to neutralize the sample solution. BSA concentration was determined by the well-known Bradford assay method, comparing with BSA standards.
In vitro BSA release from the microspheres
Five hundred milligrams of microspheres were weighed and placed in 4 ml of 0.01 M PBS adjusted to pH 7.4 in 5 ml polypropylene test tubes, which were incubated at 37 8C with occasional shaking. At designated time intervals, 0.1 ml of samples were collected and replaced by the same amount of fresh PBS. The samples were assayed using Bradford's reagent (Sigma-Aldrich, Poole, UK) and a U-2010 spectrometer operating at a wavelength of 595 nm with 2 nm slit width. This assay is based on the binding of the protein-specific dye, coomassie brilliant blue to proteins (Bradford 1976) . All experiments were performed in triplicate.
FT-IR spectroscopy
Fourier-transform infrared (FT-IR) studies were performed in transmission mode on a Shimadzu FT-IR 8300 spectrometer. Eight scans were averaged at 4 cm K1 resolution in the range of 500-4000 cm K1 . Small quantities of starch, BSA and microspheres were mixed with paraffin and placed between two NaCl transparent discs to obtain the spectra. The peaks for paraffin are distinguishable at 2920, 2850, 1458 and 1377 cm K1 and are not removed from the spectra. Protein amide I region [1700-1615 cm K1 ] of the microspheres spectra was carefully studied and compared with the BSA spectra (Lambert et al. 1998; Carrasquillo et al. 2001) . Similarly, the FT-IR spectra of the microspheres was studied for PDMS and DMSO presence.
RESULTS AND DISCUSSION
BSA was chosen as the model protein in this investigation as it easily forms aggregates by thiol-disulphide A novel method for protein drug delivery R. Pareta and M. J. Edirisinghe 577 interchange and thus is a good indicator of any change in its activity (Costantino et al. 1997) . PDMS stays localized at the injected site and is not very susceptible to bacterial infection and thus forms good polymer for targeted drug delivery (Maeda et al. 2002; Kajihara et al. 2001) . Also PDMS can be used in oral drug delivery as it can act as protective layer against the enzymatic degradation of microspheres in gastrointestinal epithelial. Starch does not dissolve in water and thus DMSO was utilized to dissolve starch as it is highly miscible with water, and thus an aqueous solution of BSA can be added to it to prepare the required starch-BSA solution. DMSO has been used to prepare microspheres (Park et al. 1998 ) and it has also been shown to stabilize partially folded conformations of proteins (Bhattachariya & Balaram 1997) . Aqueous solutions do not electrospray in stable conejet mode singularly and tapered capillaries have been used to assist in the generation of stable cone-jet mode in such cases (Lopez-Herrera et al. 2004) . Our investigations showed that the starch-BSA solution does not generate a stable jet when subjected to EHDA using a single capillary, in contrast the co-axial method where polymer flows in the outer capillary and creates a driving interface (Lopez-Herrera et al. 2003) was successful in obtaining the stable cone-jet mode. Droplet size measurement was used as a tool to identify the process parameters at which near-monodisperse microspheres could be prepared. Parameters like the applied potential difference and flow rate have a substantial effect on the electrospraying mode and hence on droplet size distribution, which subsequently affects the microspheres. We determined the parameters, which resulted in least size distribution (figure 3a) and prepared the microspheres at these conditions. Other graphs in figure 3 show the effect of parameter variation on droplet size distribution. Figure 3b shows the effect of applied potential difference on droplet size distribution. Similarly, flow rate in the outer capillary was varied in figure 3c, inner capillary flow rate and applied potential difference were varied in figure 3d , and all three parameters were varied in figure 3e. In figure 3b -e, the EHDA mode is not stable cone-jet, secondary droplets (satellites) and the spindle mode prevails, which explains the wide sizedistribution of droplets obtained in these experiments (Clopeau & Prunet-Foch 1994) . The thickness of the outer layer, in our case the polymer coating, can be varied uniformly by varying the flow rate in the outer capillary, provided the EHDA mode is stable cone-jet (Lopez-Herrera et al. 2003) .
The microspheres were collected in stable cone-jet mode, as shown in figure 4. The inner capillary was kept slightly below the outer capillary as it was observed that it aids stable cone-jet mode electrospraying. The expected geometry of the microspheres is shown in figure 5 , with PDMS coating the starch-BSA. The distance between the capillaries and the collecting liquid is also important, since it is necessary that the compound jet emerging from the capillaries should break into droplets before hitting the liquid surface in order to obtain uniform size microspheres, otherwise agglomerated clusters were generated. The collecting liquid was stirred to stop the microspheres from forming agglomerates. The increase in BSA concentration in the solution increases its electrical conductivity by a large extent (Pareta et al. 2005) and thus the EHDA mode changes and makes it harder to achieve cone-jet mode. Also on increasing the BSA concentration, the jet length increases and very thin starch-BSA fibres can be collected.
The important question of whether the PDMS can coat and remain on the exterior of the microspheres depends on the miscibility of PDMS and the starch-BSA solution and the surface and interfacial tensions. We found that PDMS and starch-BSA solution used in (Baier 1970) . Table 1 shows the surface and interfacial tensions measured and from these results it is clear that the inequality explained above holds and PDMS coats the microspheres containing the protein. Figure 6 shows the morphology and size of the microspheres and most of the microspheres are approximately 5-6 mm in size and these results tally well with the droplet size-distribution (figure 3a). Although continuous stirring restricts agglomeration formation, it can happen while filtering and the subsequent drying of microspheres, and therefore careful handling is required. The protein encapsulation efficiency, h, was calculated as h Z mass of BSA in microspheres mass of BSA initially present ; ð3:2Þ
and was found out to be 70%. The BSA release from the microspheres was studied over 8 days and the cumulative release trend is shown in figure 7 . Around 32 wt% of the BSA was released in the first 2 h. Overall 75% of the BSA was released in 7 days time period. Figure 7 shows that the BSA released plateaus at this level. The unreleased BSA is assumed to be entrapped near the centre of the microspheres and since the resistant starch does not absorb water easily to leach out BSA, this can be expected. The initial burst of BSA release probably comes from that present near the surface in the starch-BSA microspheres. If a polymer with higher molecular weight is used to coat the microspheres this initial burst can be reduced and more controlled BSA release can be obtained.
The amide I peak occurs at 1651 cm K1 for BSA, and is shifted slightly to 1656 cm K1 in the FT-IR spectra of the microspheres, as shown in figure 8a and b. This might be due to interaction between the BSA present on the surface and PDMS. The peaks at 750 and 1260 cm K1 shows Si-CH 3 vibrational stretch and the peak at 1083 cm K1 shows the Si-O-Si vibrational antisymmetric stretch, which confirms the presence of PDMS. The peak at 1020 is due to the cyclic and primary alcohol function group present in the starch chain. No peak for SaO was found which indicates the DMSO was washed away with acetone or very little was left in order to be detected. The paraffin peaks have been distinguished by marking P on the figure.
CONCLUSIONS
Polymer-coated starch-protein microspheres have been prepared by using a novel process, which incorporates co-axial electrohydrodynamic forming. The microspheres prepared were monodisperse and the protein, BSA, is intact and preserved during the process. About 75% of the protein was released over a period of 7 days. This single-step and relatively simple process does not expose proteins to harmful organic solvents and is a procedure, which can be exploited to prepare biodegradable microspheres for protein drug release.
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